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(54) Article having a dispersion of ultraf Ine titanium borlde particles In a titanium-base matrix 

(57) An article (20) includes a microscale composite particles (24, 25) in the matrix (22). At least about 50 
material (21 ) having a matrix (22) with more titanium than volume percent of the titanium boride particles (24, 25) 
any other element, and a dispersion of titanium boride have a maximum dimension of less than about 2 microm- 
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Description 

[0001] This invention relates to articles having titani- 
um-base metallic compositions and, more particularly, to 
articles made of titanium-base compositions having tita- 
nium boride particles dispersed therein. 
[0002] One of the most demanding applications of ma- 
terials in aircraft gas turbine engines is compressor and 
fan disks (sometimes termed "rotors") upon which the 
respective compressor blades and fan blades are sup- 
ported. The disks rotate at many thousands of revolutions 
per minute, in a moderately elevated-temperature envi- 
ronment, when the gas turbine is operating. They must 
exhibit the required mechanical properties under these 
operating conditions. 

[0003] Some of the gas turbine engine components, 
such as some of the compressor and fan disks, are fab- 
ricated from titanium metailc compositions. The disks 
are typically manufactured by furnishing the metallte con- 
stituents of the selected titanium metallic composition, 
melting the constituents, and casting an ingot of ttie tita- 
nium metallic composition. The cast ingot is ttien con- 
verted into a billet. The billet is further mechanically 
worked, typically by forging. The worked billet is thereaf- 
ter upset forged, and then machined to produce the tita- 
nium-base metallic composition component. 
[0004] Achieving the required mechanical properties 
at room temperature and up to moderately elevated tem- 
peratures, retaining sufficient environmental resistance, 
and preventing premature failure offer major challenges 
in the selection of the materials of construction and the 
fabrication of the articles. The chemistiy and microstmc- 
ture of the metallto composition must ensure ttiat the me- 
chanical properties of the article are met overthe service 
temperature range of at least up to about 1 200°F for cur- 
rent titanium-base metallic composition components. 
The upper limit of about 1 200° F for service of such com- 
ponents is due principally to static-strength and creep- 
sti^ngth reduction at higher temperatures and the ten- 
dency for titanium to react with oxygen at elevated tem- 
peratures, fonning a brittle oxygen-enriched layer, 
termed alpha case. Small mechanical or chemical irreg- 
ularities in the final component may cause it to fail pre- 
maturely in service, and these irregularities must be min- 
imized or. If present, be detectable by available Inspec- 
tion techniques and taken Into account. Such irregulari- 
ties may include, for example, mechanical in-egularities 
such as cracks and voids, and chemical in-egularities 
such as hard alpha irregularities (sometimes termed low- 
density inclusions) and high-density inclusions. 
[0005] One recent approach to improving the proper- 
ties of titanium-base metallic compositions, Including the 
high-temperature strength, is the introduction of boron 
Into the metallic composition to produce titanium boride 
particles dispersed therein. The introduction of boron has 
been accomplished by several different methods, such 
as conventional cast-and-wrought processing, powder 
metallurgy techniques such as gas atomization, and a 
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blended elemental approach. The first two methods suf- 
fer from the limited solubility of boron in titanium. The 
boron tends to segregate sti-ongly, forming relatively 
large titanium boride particles that are detrimental to duc- 

5 tility and fatigue. In order to avoid the segregation prob- 
lem, the levels of boron added to the metallk: composition 
by these first two methods is severely restricted, usually 
to the hypoeutectic portion of the phase diagram, limiting 
the potential benefits of the boron addition, orthe cooling 

10 rate during solidification must be very high. The blended 
elemental approach allows much larger additions of bo- 
ron. However, because the boron Is typically added as 
titanium diboride, and the phase in themiodynamk: equi- 
librium witii the alpha phase of titanium is the very-stable 

15 titanium monoboride, extended times at elevated tem- 
peratures are required to fully convert the titanium dibo- 
ride to titanium monoboride. The required high temper- 
atures and long times prevent the production of a uniform 
fine dispersion of titanium boride particles in the metallic 

^ composition. Additionally, fine freestanding titanium bo- 
ride or titanium diboride particles tend to agglomerate, 
reducing the uniformity of the final product. The result of 
all of these production approaches is that a significant 
volume fraction of the titanium boride is present as large 

2S particles that are typically 10-100 micrometers in their 
largest dimensions. These large particles have some 
beneficial strengthening effects, but they are not optimal 
for ductility, crack initiation, and static, creep, and fatigue 
strength. 

30 [0006] It has been possible, using existing melting, 
casting, and conversion practice, to prepare non-boron- 
containing titanium-base metalfic composition compo- 
nents such as compressor and fan disks that are fully 
serviceable. However, there is a desire and need for a 

35 manufacturing process to produce the disks and other 
components with even further-improved properties aris- 
ing from the presence of titanium boride particles and 
greater freedom from irregularities, thereby improving 
the operating margins of safety. The present invention 

40 fulfillsthisneedforan improved process, and further pro- 
vides related advantages. 

[0007] The present invention provides a metallic article 
of a titanium-base composition that also contains boron 
in an amount greater than the solubility limit of the boron 

45 in the metallic composition. The intragranular titanium 
boride particles distributed In the titanium matrix are small 
in size, typically well below 1 micrometer in their largest 
dimensions. The article has a good combination of me- 
chanical properties in the temperature range up to about 

50 1 300°F, possible good resistance to environmental dam- 
age from oxidation, and a low incidence of irregularities. 
The elastic modulus of the material is improved and the 
wear resistance is increased by the presence of the tita- 
nium boride particles. The boride dispersion is more uni- 

55 fomiandfarfinerthan that resulting from otherproduction 
techniques. The material produced by the present ap- 
proach has better statfc and creep strength at the same 
operating temperatures as compared with conventional 



2 



EP 1657 317 A1 4 



3 

titanium metallic compositions, and also allows the ma- 
terial to be used to higher operating temperatures than 
possible with conventional titanium metallic composi- 
tions. 

[0008] An article comprises a mfcroscale composite 
material having a matrix comprising more titanium by 
weight than any other element, and a dispersion of tita- 
nium boride particles in the matrix. At least about 50 vol- 
ume percent, more preferably at least about 90 volume 
percent, and most preferably at least about 99 volume 
percent, of the Intragranular titanium boride particles 
have a maxim um dimension of less than about 2 microm- 
eters. More preferably, at least about 50 volume percent, 
more preferably at least about 90 volume percent, and 
most preferably at least about 99 volume percent, of the 
intragranular titanium boride particles have a maximum 
dimension of less than about 1 micrometer. More pref- 
erably, at least about 50 volume percent, more preferably 
at least about 90 volume percent, and most preferably 
at least about 99 volume percent, of the intragranular 
titanium boride particles have a maximum dimension of 
less than about 0.5 micrometer. Even more preferably, 
at least about 50 volume percent, more preferably at least 
about 90 volume percent, and most preferably at least 
about 99 volume percent, of the intragranular titanium 
boride particles have a maximum dimension of less than 
about 0.2 micrometer. 

[0009] As used herein in describing the present ap- 
proach, "titanium boride" refers to TiB, TiB2, 11364, or 
other tItanium-boron-containing compounds, whose 
composition may be modified by alloying elements. 'Ti- 
tanium-base" includes pure titanium, metallic alloys of 
titanium and other elements, and titanium-base interme- 
tallic alloys, as long as there is more titanium by weight 
than any other element. The "matrix" is the metallic tita- 
nium-base material in which the titanium boride part:ides 
are distributed and dispersed. 
[0010] The boron constituent element is preferably 
present in an amount not greater than that required to 
fomi about 90 percent by volume titanium boride in the 
consolidated material. More preferably, the boron is 
present in the consolidated material in an amount of not 
greater than about 1 7 weight percent of the consolidated 
material. Even more preferably, the boron is present in 
the consolidated material in an amount of from about 
0.05 to about 1 7 weight percent of the consolidated ma- 
terial. 

[0011] The amount of boron present in the material 
may be considered in two ranges, a hypoeutectic range, 
which for the titanium-boron binary system is from about 
0.05 to about 1 .5 percent by weight boron, and a hyper- 
eutectic range, which for the titanium-boron binary sys- 
tem is from about 1 .5 to about 1 7 percent by weight boron. 
Alloys with other elements in addition to titanium and bo- 
ron may have other phases and ranges, but are within 
the scope of the present approach. The present approach 
permits the preparation of materials having the same bo- 
ron content as may be achieved with other techniques, 



typically up to about 5 percent by weight of boron, and 
also the preparation of materials having greater boron 
content than may be readily achieved with other tech- 
niques, typically in the range of from about 5 to about 1 7 

s percent by weight of boron. In each case, the materials 
made by the present approach typically have a fine, uni- 
form titanium boride dispersion. 
[001 2] As stated, boron is preferably present at a level 
in excess of its room-temperature solid solubility in the 

'0 titanium-base composition matrix, up tothe level required 
to form no more than about 90 percent by volume titanium 
boride. For smaller additions in excess of the limit of solid 
solubility, the fine dispersion of titanium boride particles 
provides significant high-temperature static strength and 

'5 high-temperature creep strength benefits by fine-particle 
strengthening. For larger additions in excess of the limit 
of solid solubility, there is a larger volume fraction of fine 
titanium boride particles present and substantial rule-of- 
mixtures-strengthening benefits in addition to the fine- 

20 particle strengthening. At both levels of boron additions 
in excess of the solid solubility limit, the strength, elastic 
modulus, and wear resistance of the material are signif- 
icantly improved over conventional titanium-base com- 
positions. 

25 [0013] The matrix is typically polycrystalline, prefera- 
bly has a grain size of less than about 1 0 micrometers 
and more preferably less than about 5 micrometers. The 
titanium boride particles are preferably formed in situ 
within the matrix, so that they are never freestanding, 

30 freely flowing part:icles during the preparation of the ml- 
croscale composite material. The intragranular (i.e., 
those not at the grain boundaries) titanium boride parti- 
cles are preferably crystallographically oriented relative 
to the matrix within each grain, and more preferably are 

35 coherent or partially coherent with the matrix within each 
grain. 

[0014] The microscale composite material is desirably 
mechanically within 20 percent of isotropic, more prefer- 
ably within 1 0 percent of isotropic. That is, the article may 

*o be made by the preferred method so that the mechanical 
properties may be nearly the same measured in all di- 
rections. This state is to be contrasted with the anisotropic 
mechanical properties usually observed for other titani- 
um-titanium boride materials, in which the rodlike titani- 

■fs um boride particles are aligned with a mechanical work- 
ing direction, such as the major axis of an extrusion, pro- 
ducing mechanical strength properties that are signifi- 
cantly greater in the woricing direction than in directions 
transverse to the worldng direction. On the other hand, 

50 the properties of the present articles may be made ani- 
sotropic if desired. 

[0015] The intragranular titanium boride particles of 
the present approach are preferably platelike in shape. 
That is, two dimensions, defining a face of the plate, are 
55 relatively large (but not necessarily the same) and one 
dimension, defining a thickness of the plate, is relatively 
small. IHowever, the intragranular titanium boride parti- 
cles need not be platelilte, but may instead be equiaxed, 
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rodlike (with one relatively large dimension and two rel- 
atively small dimensions), or of another shape. 
[001 6] There may optionally be present an oxide of a 
stable-oxide-fomiing additive elements include magne- 
sium, calcium, scandium, yttrium, lanthanum, cerium, 
praseodymium, neodymium, promethium, samarium, 
europium, gadolinium, terbium, dysprosium, holmium, 
erbium, thulium, ytterbium, and lutetium, and mixtures 

[001 7] The material thus is a titanium-base matrix con- 
taining a fine dispersion of titanium boride particles, and 
optionally with stable-oxide-forming additive element(s) 
dispersed therethrough. The optional stable-oxide-fonn- 
ing additive element or elements are present in solid so- 
lution (either below the solubility limit or in a supersatu- 
rated state) and/or as one or more discrete dispersed 
oxide phases. The dispersed phases may be unoxidized 
stable-oxide-forming additive elements or an already ox- 
idized dispersion or a mixture of both. The stable-oxide- 
forming additive elements that are in solid solution or a 
non-oxidized discrete dispersion are available for subse- 
quent reaction with oxygen that may be in the matrix or 
diffuses into the metallic material in subsequent process- 
ing or service. 

[0018] The microscale composite material may fomn 
the entire article, or may be present as a microscopic or 
macroscopic insertto another article that is man ufactu red 
via any route, including traditional casting and working, 
casting, or similar approach as described herein. In any 
of these embodiments where the microscale composite 
material is added as an insert, the surrounding article 
may have the same or a different composition. 
[001 9] The fonnation of the boride dispersion has sev- 
eral important benefits. Rrst, a substantially uniformly 
distributed fine dispersion aids in achieving the desired 
mechanical properties, including static strength, fatigue 
strength, and creep strength, which are stable over ex- 
tended periods of exposure at elevated temperatures, 
through dispersion strengthening of the titanium-base 
matrix. The substantially uniformly distributed dispersion 
also aids in limiting grain growth of the titanium-base ma- 
trix. Second, the modulus of elasticity of the titanium- 
base composition is significantly increased, allowing the 
article to withstand substantially higher loads while de- 
fonning elastically. Third, the wear resistance and ero- 
sion resistance of the article are substantially improved, 
allowing increased service time in a given application. 
Fourth, the presence of the fine dispersion results in im- 
proved ductility compared with an article prepared by a 
conventional cast-and-wrought, cast, or gas-atomized or 
blended-elementalpowdermetallurgy approach. The bo- 
ride dispersion may be fomed in any titanium-base com- 
position matrix, including alpha, near-alpha, alpha-plus- 
beta, near-beta, and beta titanium metallic compositions, 
and any titanium-base intennetailics including those 
based on the alpha-2, orthorhombic, and gamma titanium 
aluminides. 

[0020] The optional oxide dispersion has several im- 
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portant benefits. First, a substantially uniformly distribut- 
ed dispersion aids in achieving the desired mechanical 
properties, which are stable over extended periods of 
exposure at elevated temperature, through further dis- 

s persion strengthening of the base-metal matrix, and also 
aids in limiting grain grovrth of the base-metal matrix. 
Second, when the exposure to environmental oxygen oc- 
curs during a pre-service oxidation or during service, the 
oxygen diffusing into the article would nonnally cause 

10 the fomiation of an "alpha case" near the surface of con- 
ventional alpha-phase-containing titanium metallic com- 
positions. In the present approach, the stable-oxide- 
forming additive elements either in solution or as a sep- 
arate phase getter the inwardly diffusing oxygen from 

IS solid solution and adding to the oxide dispersion, thereby 
reducing the incidence of alpha case fomiation and the 
associated surface embrlttlement and possible prema- 
ture failure. Third, in some cases the oxide dispersoids 
have a greater volume than the discrete metallic phases 

20 from which they were fonned. The fomnation of the oxide 
dispersoids produces a compressive stress state that is 
greater near to the surface of the article than deeper in 
the article. The compressive stress state aids in prevent- 
ing premature cracl< formation and growth during service. 

25 Fourth, the formation of a stable oxide dispersion at the 
surface of the article acts as a barrier to the inward dif- 
fusion of additional oxygen. Fifth, the removing of excess 
oxygen in solution from the matrix allows the introduction 
of higher metallic alloying levels of alpha-stabilizer ele- 

30 ments such as aluminum and tin, in turn promoting im- 
proved modulus of elasticity, creep strength, and oxida- 
tion resistance of the matrix. Sixth, the presence of ex- 
cess oxygen in solution in some types of titanium metallic 
compositions, such as alpha-2, orthorhombic, and gam- 

35 ma-based aluminides, reduces the ductility of the titani- 
um metallic composition. The present approach getters 
that oxygen, so that the ductility is not adversely affected. 
[0021] A preferred method for producing such an arti- 
cle made of constituent elements in constituent-element 

40 proportions includes the steps of furnishing at least one 
nonmetallic precursor compound, wherein all of the non- 
metallic precursor compounds collectively contain the 
constituent elements in their respective constituent-ele- 
ment proportions. The constituent elements comprise a 

-fs titanium-base composition, and boron present at a level 
greater than its room-temperature solid solubility limit in 
the titanium-base composition. The precursor com- 
pounds are chemically reduced to produce a material 
comprising a titanium-base composition having titanium 

so boride particles therein, without melting the titanium- 
base composition that fomis the matrix. The titanium- 
base composition does not have a melted microstructure, 
but instead is more unifomi and without the segregation 
features associated with melting and solidifying. The ti- 

55 tanium-base composition having the titanium boride par- 
ticles therein is consolidated to produce a consolidated 
article, without melting the titanium-base composition 
and without melting the consolidated titanium-base com- 
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position. The absence of melting aids in achieving and 
maintainingthe fine size distribution of the titanium boride 
particles. The various steps of this processing are pref- 
erably performed at as low a temperature as possible in 
each case, to avoid coarsening the titanium boride par- 
tides and the optional oxide dispersion and/or strong- 
oxide-former particles. The present approach is compat- 
ible with the embodiments discussed herein and those 
incorporated by reference. 

[0022] Optionally, the step of furnishing may include 
the step of furnishing a nonmetallic precursor compound 
of a stable-oxide-forming additive element that forms a 
stable oxide in the titanium-base composition. In such a 
material, at least one additive element is present at a 
level greater than its room-temperature solid solubility 
limit in the titanium-base composition. The preferred 
method includes an additional step, after the step of 
chemically reducing, of oxidizing the metallic composi- 
tion, including the oxygen-forming additive element, at a 
temperature greater than room temperature. 
[0023] The consolidated article may be mechanically 
formed as desired, by any mechanical forming technique. 
[0024] The material may be heat treated either after 
the chemical reduction step, after the consolidation step 
(if used), after mechanical forming, or subsequently. 
[0025] The steps of the preferred approach, the chem- 
ical reduction and consolidating steps as well as any oth- 
er processing steps, are performed at temperatures be- 
low the melting point of the matrix and the titanium boride 
particles, and preferably at as low an elevated tempera- 
ture as possible and for as short a time as possible at 
the elevated temperature. The higher the temperature 
and the longer the time, the coarser will be the titanium 
boride particles and the optional oxide particles. Process 
steps are chosen with this limitation in mind. For example, 
vapor phase chemical reduction is preferred to solid 
phase chemical reduction, because the vapor phase 
chemical reduction is typically performed at a lowertem- 
perature and/or for a shorter time than is solid phase 
chemical reduction. Consolidation techniques such as 
extrusion are preferred to pressing and sintering for the 

[0026] The present approach thus provides atitanium- 
base article having a fine titanium boride dispersion 
therein, with improved properties and improved stability. 
Other features and advantages of the present invention 
wil I be apparent from the following more detailed descrip- 
tion of the prefen-ed embodiment, taken in conjunction 
with the accompanying drawings, which illustrate, byway 
of example, the principles of the invention, and in which: 

Figure 1 is an idealized microstructure of the metallic 
article; 

Rgure 2 is a schematic perspective view of a titanium 
boride particle; 

Rgure 3 is a perspective view of a gas turbine com- 



ponent made by the present approach and having a 
titanium-boron Insert; 

Figure 4 is a sectional view of the gas turbine com- 
5 ponent of Rgure 3, taken on line 4-4; 

Figure 5 is a block flow diagram of an approach for 
practicing the invention; 

10 Figures 6-8 are idealized comparative microstruc- 
tures illustrating the relative size of titanium boride 
particles compared to a grid representing the grain 
size of the matrix, wherein Figure 6 represents the 
microstructure for material produced by a gas atom- 
is ized approach. Figure 7 represents the microstruc- 
ture for material produced by a blended elemental 
approach, and Figure 8 represents the microstruc- 
ture for material produced by the present approach. 

^ [0027] Rgure 1 is an idealized microstructure of an ar- 
ttele 20 including a microscale composite 21 fomned of a 
polycrystalline titanium-base matrix 22 having a disper- 
sion of fine platelike Intragranular titanium boride parti- 
cles 24 and grain-boundary titanium boride particles 25 
2S therein. Optionally, there are oxide particles 26 dispersed 
in the matrix 22 as well. In Figure 1 , the oxide particles 
26 are illustrated as smaller in size than the titanium bo- 
ride particles 24 and 25. However, the oxide particles 26 
may be of comparable size with the titanium boride par- 
se tteles 24 and 25, or of larger size than the titanium boride 
particles 24 and 25. (This idealized mcrostructure of Fig- 
ure 1 does not reflect the relative sizes or volume frac- 
tions of the constituents.) 

[0028] TTie constituent elements comprise a titanium- 

35 base composition, boron, and optionally a stable-oxide- 
forming additive element. A titanium-base composition 
has more titanium by welgfit than any other element (al- 
though ttiere may not be more titanium by atomic fraction 
than any other element, as for example in some gamma- 

^ phase titanium aluminides). The titanium-base matrix 22 
may be pure titanium (e.g., commercially pure or CP ti- 
tanium), a metallic alloy of titanium and other elements, 
or a titanium-base intemnetallic alloy. Titanium metallic 
alloy compositions of particular interest include alpha- 

15 beta phase titanium metallic compositions, beta-phase 
titanium metallic compositions, alpha-2 phase, and or- 
thorhombic phase. A titanium-base Intermetallic alloy of 
particular interest is the gamma-phase titanium alumi- 
nide metallic composition. The matrix composition is not 

so limited to these compositions, however. 

[0029] The matrix 22 is polycrystalline, with portions 
of fourdifferently oriented grains 30 illustrated, separated 
by grain boundaries 32. ("Grains" are also sometimes 
tenned "crystals".) The grain size of the grains 30 is pref- 

55 erably less than 10 micrometers, more preferably less 
than 6 mfcrometers. The matrix 22 within each of the 
grains 30 has acrystallographk: orientation, represented 
schematically by an-ow28. The intragranulartitanium bo- 
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ride dispersoid particles 24 (i.e., those titanium boride 
dispersoid particles which are not at the grain bounda- 
ries) are preferably crystal! ographlcally oriented relative 
to the crystallographic orientation 28 of the matrix 22 with- 
in each grain 30. More preferably, the intragranular tita- 
nium boride particles 24 are coherent or partially coher- 
ent with the matrix 22 within each grain 30. A coherent 
interface occurs when lattice planes crossing the inter- 
face are continuous, although possibly change orienta- 
tions, A semi-coherent or partially coherent interface is 
closely analogous to a low angle boundary in that unifomi 
misfit is related into regions of good, coherent fit sepa- 
rated by regions of bad fit, i.e., dislocations. Coherency 
is completely lost when the misfit is so large that the in- 
terface dislocation spacing is approximately the lattice 
spacing. The noncoherent interphase boundary is there- 
fore analogous to the high angle grain boundary and oc- 
curs when there is no simple fit between the lattices of 
the two phases. The grain-boundary titanium boride par- 
ticles 25 are distinctfrom the intragranulartitanium boride 
particles 24 in respect to preferred orientation, since the 
orientations of the grain-boundary titanium boride parti- 
cles 25 may be influenced by the adjoining grains, grain 
boundary dislocation structures, and the like. 
[0030] The presence of the preferential orientation of 
the Intragranulartitanium boride dispersoid particles 24 
relative to the crystallographic direction 28 of the matrix 
22 is to be distinguished from the situation found in rela- 
tion to titanium-titanium boride materials made by other 
approaches. In the other approaches, the titanium boride 
particles are typically oriented relative to the woricing di- 
rection, such as a rolling direction or an extrusion direc- 
tion, rather than In relation to the ctystallographic orien- 
tation of the matrix. The result is that the mechanical prop- 
erties of these other materials are typically highly aniso- 
tropic after wori<lng, with the highest modulus and 
strength, and lowest ductility, measured parallel to the 
orientation direction of the titanium boride particles. The 
present approach leads to a greater degree of isotropy 
of the titanium boride particles, due to the more nearly 
random crystallographic orientations of the various 
grains, when averaged over the entire microscale com- 
posite material, and thence the more neariy random ori- 
entations of the particles, when averaged overthe entire 
microscale composite material. Desirably, at least one 
of the mechanical properties of the microscale composite 
material of the titanium boride particles 24, 25 in the ti- 
tanium matrix 22 is within 20 percent of isotropic, mean- 
ing that Its measured values for all measurement direc- 
tions are within 20 percent of a value averaged over all 
measurement directions. Preferably, at least one of the 
mechanical properties of the microscale composite ma- 
terial is within 1 0 percent of isotropic. However, the prop- 
erties of the microscale composite material may be made 
more anisotropic, if desired, by processing treatments 
such as thennal processing and/or mechanical wori(ing. 
[0031] The boron level ranges from greater than the 
solubility limit at room temperature of boron in the titani- 



um-base composition to the level required to produce no 
more than 90 percent by volume titanium boride. Typi- 
cally, the boron is present in an amount of from 0.05 
percent to 1 7 percent by weight of the total weight of the 

5 final consolidated material. The result is a material having 
at least two phases, including one or more metallic phas- 
es constituting the titanium-base matrix 22, the titanium 
boride particles 24 and 25, and optionally one or more 
types of stable oxide particles 26. As used herein in de- 

f scribing the present method, "titanium boride' refers to 
TIB, which is present in most materials made by the 
present approach, TiBg, which is present where the ma- 
trix is a gamma-phase titanium aluminide, Ti3B4, and/or 
othertitanium borides or othertitanlum-boron-containing 

>5 compounds, possibly modified due to the presence of 
alloying elements. 'Titanium monoboride' refers specif- 
ically to TiB, and 'titanium diboride' refers specifically to 
TiB^. 

[0032] It IS most preferred that the amount of boron Is 

20 not less than that required to produce a volume fraction 
of at least 0.25 volume percent, more preferably at least 
0.75 volume percent, even more preferably at least 2 
volume percent of titanium boride particles in the matrix. 
0.25 volume percent is the amount of 1 0 nanometer tita- 

25 nium boride particles estimated to yield an increase of 
20,000 pounds per square inch in the shear strength of 
the material; 0.75 volume pen;ent is the amount of 20 
nanometertitanium boride particles estimated to yield an 
increase of 20,000 pounds per square inch in the shear 

30 Strength of the material; and 2 volume percent is the 
amount of 30 nanometer titanium boride particles esti- 
mated to yield an increase of 30,000 pounds per square 
inch in the yield strength of the material. 
[0033] The fine intragranular titanium boride disper- 

35 soid particles 24 provides dispersoid (i.e., Orowan) 
strengthening by interacting with dislocations in the frta- 
nium-base composition matrix 22. These fine intragran- 
ular dispersoid particles 24 are smaller in size than those 
produced by prior processes for preparing titanium-tita- 

40 nium boride materials. Figures 6-8 are idealized compar- 
ative microstructures illustrating the relative size of tita- 
nium boride particles 70 compared to a grid 72 repre- 
senting the grain size of the matrix by two prior approach- 
es (Figure 6, for a gas atomized approach and Figure 7 

IS for a blended elemental approach), with the present ap- 
proach (Figure 8). With an increasing amount of boron 
present, the volume fraction of titanium boride inaeases 
so that it becomes more neariy continuous at a macro- 
scopic level, but still maintains a separate distribution of 

so fine, less than 1 micrometer, titanium boride on a micro- 
scopic level. 

[0034] Figure 2 shows in isolation a single intragranu- 
lartitanium boride dispersoid particle 24 at an even higher 
magnification than shown in Rgure 1. The intragranular 
55 particle 24 typically has a plate-like shape, with two rel- 
atively large dimensions that define the face of the plate 
and a relatively small dimension that defines the thick- 
ness of the plate. The maximum dimension L of one of 
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the two relatively large dimensions of the face of the plate 
is the maximum dimension of the intragranular titanium 
borlde dispersoid phase particle 24. 
[0035] In the present approach, at least 50 volume per- 
cent, more preferably at least 90 volume percent, and 
most preferably at least 99 volume percent, of the intra- 
granular titanium bolide particles 24 have a maximum 
dimension L of less than 2 micrometers. More preferably, 
at least 50 volume percent, more preferably at least 90 
volume percent, and most preferably at least 99 volume 
percent, of the intragranular titanium boride particles 24 
have a maximum dimension L of less than 1 micrometer. 
More preferably, at least 50 volume percent, more pref- 
erably at least 90 volume percent, and most preferably 
at least 99 volume percent, of the intragranular titanium 
boride particles 24 have a maximum dimension L of less 
than 0.5 micrometer. Even more preferably, at least 50 
volume percent, more preferably at least 90 volume per- 
cent, and most preferably at least 99 volume percent, of 
the intragranular titanium boride particles24 have amax- 
imum dimension L of less than 0.2 micrometer. 
[0036] The optional oxide particles 26 are fomed by 
the reaction of oxygen with one or more stable-oxide- 
fonning additive elements. An element is considered to 
be a stable-oxide-fonning additive element if it forms a 
stable oxide in a titanium-base composition, w^here the 
titanium-base composition either has substantially no ox- 
ygen in solid solution or where the titanium-base com- 
position has a small amount of oxygen in solid solution. 
As much as about 0.5 weight percent oxygen in solid 
solution may be required forthe stable-oxide-fomiing ad- 
ditive element to function as an effective stable-oxide 
former. Thus, preferably, the titanium-base composition 
has from zero to about 0.5 weight percent oxygen in solid 
solution. Larger amounts of oxygen may be present, but 
such larger amounts may have an adverse effect on duc- 
tility. In general, oxygen may be present in a material 
either In solid solution or as a discrete oxide phase such 
as the oxides fornied by the stable-oxide-forming additive 
elements when they react with oxygen. 
[0037] Titanium has a strong affinity for and is highly 
reactive with oxygen, so that it dissolves many oxides, 
including its own. The stable-oxide-fonning additive ele- 
ments within the scope of the present approach form a 
stable oxide that is not dissolved by the titanium metallic 
composition matrix during typical themial conditions as- 
sociated with reduction, consolidation, heattreat, and ex- 
posure. Examples of stable-oxide-fomning additive ele- 
ments are strong oxide-formers such as magnesium, cal- 
cium, scandium, and yttrium, and rare earths such as 
lanthanum, cerium, praseodymium, neodymium, prome- 
thium, samarium, europium, gadolinium, tertslum, dys- 
prosium, holmium, erbium, thulium, yttertaium, and lute- 
tium, and mixtures thereof. 

[0038] The presence and the nature of the distribution 
of the oxide particles 26 has several additional important 
consequences. The dispersion of oxide particles 26 
serve to strengthen the matrix 22 by the dispersion- 



strengthening effect and also to improve the elevated- 
temperature creep strength of the matrix 22. The disper- 
sion of oxide particles 26 may also pin the grain bound- 
aries 32 of thematrix22to inhibit coarsening of the grains 

5 30 during processing and/or elevated temperature expo- 
sure. Additionally, in some circumstances the oxide par- 
ticles 26 have a higher specific volume than the stable 
oxide-forming additive elements from which they are pro- 
duced. This higher specific volume creates a compres- 

10 sive force in the matrix 22 near its surface. The compres- 
sive force inhibits cracl< fonnation and growth when the 
article is loaded in tension or torsion during service, a 
highly beneficial result. 

[0039] One important utilization of the present ap- 

's proach Is that the consolidated article may fonn an insert 
in relation to a mass of different material. In the embod- 
iment of Figures 3-4, an insert 40 of the microscale com- 
posite 2 1 as discussed above is placed into the non-com- 
posite metallic alloy material that fonns the balance of 

20 an airfoil 42 of a gas turiDine blade 44. The insert increas- 
es the strength and modulus of the airfoil 42, without be- 
ing exposed to the environmental gases and without al- 
tering the shape of the airfoil 42. Inserts may be incor- 
porated by any operable approach, such as by making 

25 the non-boride portion by casting in place, casting and 
worldng, or a nonmelting approach. 
[0040] Other examples of articles that may be made 
by the present approach include components of gas tur- 
bine engines include vanes, disl<s, blisks, blings, shafts, 

30 cases, engine mounts, seals, and housings. Other arti- 
cles include, for example, airframe components, auto- 
motive parts, and biomedical articles. The use of the 
present invention is not limited to these particular articles, 
however. 

35 [0041] Rgure 5 depicts a preferred method for produc- 
ing a metallic article made of constituent elements in con- 
stituent-element proportions. At least one nonmetallic 
precursor compound is furnished, step 50. All of the non- 
metallic precursor compounds collectively contain the 
constituent elements in their respective constituent-ele- 
ment proportions. The metallic elements may be supplied 
by the precursor compounds in any operable way. In the 
prefen-ed approach, there is exactly one non-oxide pre- 
cursor compound for each metallic alloying element, and 

45 that one precursor compound provides all of the material 
for that respective metallic constituent in the metallic 
composition. For example, for a four-element metallic 
material that is the final result of the process, a first pre- 
cursor compound supplies all of the first element, a sec- 

50 ond precursor compound supplies all of the second ele- 
ment, a third precursorcompound supplies all of the third 
element, and a fourth precursor compound supplies all 
of the fourth element. Alternatives are within the scope 
of the approach, however. For example, several of the 

55 precursorcompounds may together supply all of one par- 
ticular metallic element. In another alternative, one pre- 
cursor compound may supply all or part of two or more 
of the metallic elements. The latter approaches are less 
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preferred, because they make more difficult the precise 
determination of the elemental proportions in the final 
metallic material. The final metallic material is typically 
not a stoichiometric compound having relative amounts 
of the metallic constituents that may be expressed as 
small integers. 

[0042] The precursor compounds are nonmetallic and 
are selected to be operable in the reduction process in 
which they are reduced to metallic form. In one reduction 
process of interest, vapor-phase reduction, the precursor 
compounds are preferably metal halides. In another re- 
duction process of interest, solid-phase reduction, the 
precursor compounds are preferably metal oxides. Mix- 
tures of different types of precursor compounds may be 
used. 

[0043] Some constituents, termed 'other additive con- 
stituents', may be difficult to introduce into the metallic 
composition. Whatever the reduction technique used in 
step 52 and however the other additive constituent is 
introduced, the result is a mixture that comprises the me- 
tallic composition. Methods for introducing other additive 
constituents may be performed on precursors priorto the 
reduction of the base-metal constituent, or on already- 
reduced material. For example, boron maybe added us- 
ing borane gas, or yttrium may be added as yttrium chlo- 
ride. 

[0044] The chemical composition of the initial metallic 
composition is determined by the types and amounts of 
the metals in the mixture of nonmetallic precursor com- 
pounds furnished in step 50 or that are introduced in the 
processing. The relative proport:ions of the metallic ele- 
ments are determined by their respective ratios in the 
mixture of step 50 (not by the respective ratios of the 
compounds, but the respective ratios of the metallic el- 
ements). The initial metallic composition has more tita- 
nium than any other metallic element in the precursor 
compounds, producing a titanium-base initial metallic 
composition. 

[0045] Optionally, the nonmetallic precursor com- 
pounds may be pre-consolidated, step 51 , priorto chem- 
ical reduction by techniques such as solid-phase reduc- 
tion. The pre-consolidation leads to the production of a 
sponge in the subsequent processing, rather than parti- 
cles. The pre-consolidation step 51, when used, is per- 
fonned by any operable approach, such as pressing the 
nonmetallic precursor compounds into a pre-consolidat- 
ed mass. 

[0046] The single nonmetallic precursor compound or 
the mixture of nonmetallicprecursorcompounds is chem- 
ically reduced to produce metallic particles or sponge, 
without melting the precursor compounds or the metai, 
step 52. As used herein, "without melting", "no melting", 
and related concepts mean that the material is not mac- 
roscopically or grossly melted for an extended period of 
time, so that it liquefies and loses Its shape. There may 
be, for example, some minor amount of localized melting 
as low-melting-point elements melt and are diffusionally 
alloyed witti the higher-melting-point elements tiiat do 



not melt, or very brief melting for less than 1 0 seconds. 
Even in such cases, the gross shape of the material re- 
mains unchanged. 

[0047] In one preferred reduction approach, termed 

5 vapor-phase reduction because the nonmetallic precur- 
sor compounds are furnished as vapors or gaseous 
phases, the chemical reduction may be performed by 
reducing mixtures of halides of the base metal and the 
metallic alloying elements using a liquid alkali metal or a 

10 liquid alkaline earth metal. For example, titanium tetra- 
chloride, borane trichloride, and the halides of the metal- 
lic alloying elements are provided as gases. A mixture of 
these gases in appropriate amounts is contacted to mol- 
ten sodium, so that the metallic halides are reduced to 

is the metallic fomn. The metallic composition is separated 
from the sodium. This reduction is performed at temper- 
atures below the melting point of the metallic composi- 
tion. The approach, but without the present invention, is 
described more fully in US Patents 5,779,761 and 

20 5,958,106, and US Patent Publication 2004/0123700. 
Other gas-phase techniques are described in US Publi- 
cations 2004/0050208 and 2004/0261573. 
[0048] Reduction at lower temperatijres rather than 
higher temperatures Is prefen-ed. Desirably, the reduc- 

25 tion is perfonned at temperatures of 600°C or lower, and 
preferably 500°C or lower. By comparison, prior ap- 
proaches for preparing titanium- and other metallic com- 
positions often reach temperatures of 900°C or greater. 
The lower-temperature reduction is more controllable, 

30 and also is less subject to the introduction of contamina- 
tion into the metallic composition, which contamination 
in tum may lead to chemical in-egularlties. Additionally, 
the lower temperatures reduce the incidence of sintering 
together of the particles during the reduction step and 

35 limits the potential coarsening of the stable boride and 
optional oxide dispersions. 

[0049] In another reduction approach, termed solid- 
phase reduction because the nonmetallic precursorcom- 
pounds are furnished as solids, the chemical reduction 

*o may be perfonned by fused salt electrolysis. Fused salt 
electrolysis is a known technique that is described, for 
example, in published patent application WO 99/64638. 
Briefly, in this variation of in fused salt electrolysis the 
mixture of nonmetallic precursor compounds, furnished 

45 in a finely divided solid fonn, is immersed in an electrol- 
ysis cell in a fused salt electrolyte such as a chloride salt 
at a temperature below the melting temperature of the 
metallic composition that f onns from the nonmetallic pre- 
cursorcompounds. The mixture of nonmetallic precursor 

50 compounds Is made the cathode of the electrolysis cell, 
with an inert anode. The elements combined with the 
metals in the nonmetallic precursor compounds, such as 
oxygen in the preferred case of oxide nonmetallic pre- 
cursor compounds, are partially or completely removed 

55 from the mixture by chemical reduction (i.e. , the reverse 
of chemical oxidation). The reaction is perfonned at an 
elevated temperature to accelerate the diffusion of the 
oxygen orothergas awayfromthe cathode. Thecathodic 
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potential is controlled to ensure that the reduction of the 
nonmetallic precursor compounds will occur, rather than 
other possible chemical reactions such as the decompo- 
sition of the molten salt. The electrolyte is a salt, prefer- 
ably a salt that is more stable than the equivalent salt of 
the metals being refined and ideally very stable to remove 
the oxygen or other gas to a desired low level. The chlo- 
rides and mixtures of chlorides of barium, calcium, cesi- 
um, lithium, strontium, and yttrium are preferred. The 
chemical reduction Is preferably, but not necessarily, car- 
ried to completion, so that the nonmetallic precursorcom- 
pounds are completely reduced. Not carrying the process 
to completion is a method to control the oxygen content 
of the metal produced and to allow subsequent fomiation 
of the oxide dispersion. If the pre-consolidation step 51 
is perfonned, the result of this step 52 may be a metallic 
sponge. 

[0050] In another reduction approach, termed "rapid 
plasma quench" reduction, the precursor compound 
such as titanium chloride is dissociated in a plasma arc 
at a temperature of over 4500°C. The precursor com- 
pound is rapidly heated, dissociated, and quenched in 
hydrogen gas. Tlie result is fine metallic-hydride parti- 
cles. Any melting of the metallic particles Is very brief, on 
the order of 1 0 seconds or less, and Is within the scope 
of "without melting" and the like as used herein. The hy- 
drogen is subsequently removed from the metallic-hy- 
dride particles by a vacuum heat treatment. Oxygen may 
also be added to react with the stable-oxide-forming ad- 
ditive elements to form the stable oxide dispersion. Boron 
is added to react with titanium to produce a titanium bo- 
ride. 

[0051 ] Whatever the reduction technique used in step 
52, the result Is a material of a metallic titanium-base 
composition, titanium boride, and optionally stable oxide 
particles. The material may be free-flowing particles in 
some circumstances, or have a sponge-lil<e structure in 
other cases. The sponge-like structure is produced in the 
solid-phase reduction approach if the precursor com- 
pounds have first been pre-compacted together (i.e., op- 
tional step 51 ) prior to the commencement of the actual 
chemical reduction. The precursor compounds may be 
compressed to f omi a compressed mass that is larger In 
dimensions than a desired final metallic article. 
[0052] Optionally but preferably, the material Is con- 
solidated to produce a consolidated metallic article, step 
54, without melting the titanium-base composition and 
without melting the consolidated titanium-base compo- 
sition. The consolidation step 54 may be performed by 
any operable technique, with examples being hot isostat- 
ic pressing, forging, extrusion, pressing and sintering, 
and direct powder consolidation extrusion or rolling, or a 
combination of these methods. 
[0053] Optionally but preferably, there is further 
processing, step 56, of the consolidated metallic article. 
In this processing, the article Is not melted. Such further 
processing may include, for example, mechanically fomn- 
ing the consolidated metallic article, step 58, by any op- 
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arable approach, and/or heat treating the consolidated 
metallic article, step 60, by any operable approach, 
and/or oxidizing the consolidated metallic arttole, step 
62, by any operable approach (where there are stable 

5 oxide-forming elements present that need to be rearted 
to form the oxide particles 26). These steps 58, 60, and/or 
62, where used, are selected according to the nature of 
the titanium-base composition. However, these steps 58, 
60, 62 are preferably perfomned at as low a temperature 

10 as possible to avoid excessive coarsening of the titani um 
boride pattides 24 and 25. 

[0054] The present approach has been practiced by 
preparing powders having compositions of titanium- 
about 0.8 weight percent boron-about 0.5 weight percent 

IS oxygen and titanium-about2 welghtpercent boron-about 
1 weight percent oxygen, using the prefen-ed approach 
described above. Some powders were consolidated by 
hot isostatically pressing (HIP). Other powders were con- 
solidated by HIP followed by extruding with an extmsion 

20 ratio of about 1 0:1 . Some samples were stress relieved 
following consolidation. 

[0055] Specimenswere examined by X-ray diffraction, 
scanning electron microscopy, andtransmission electron 
microscopy. The X-ray diffraction identified the presence 
25 of alpha titanium and TiB. The scanning electron micro- 
scopy and transmission electron microscopy indicated 
the presence of a unifonn fine distribution of sub-micron 
titanium boride particles, ranging in maximum dimension 
from less than 100 nanometers to several hundred na- 
30 nometers. The intragranular titanium boride particles ex- 
hibited interfaces that were faceted with the adjacent ma- 
trix of alpha-phase titanium. The major zone axes of the 
TIB particles were aligned with the major zone axes of 
the adjacent alpha (a)-phase titanium matrix. In this ma- 
ss terial, [11-20]a was parallel to [010] intragranular TiB, 
(0001 )a was parallel to (001) intragranular TiB, and (- 
1 1 00)a was parallel to (001 ) Intragranular TiB. However, 
different relations may be found in other compositions. 
[0056] The particles were plate-shaped and of similar 
40 shape, size, and orientation in both the as-HIP and 
HIP+extrude materials. Macrohardness measurements 
were conducted on both as-HIP and HIP+extruded ma- 
terials. The materials were largely isotropic in both states, 
indicating that the extrusion did not produce a significant 
45 anisotropy in the hardness mechanical property. 

[0057] Specimens were also prepared with titanium 
boride particles dispersed In a nominal T1-6AI-4V matrix. 



so Claims 

1. An article (20) comprising a microscale composite 
material (21) having 

a matrix (22) comprising more titanium by weight 
55 than any other element; and 

a dispersion of titanium boride particles (24, 25) in 
the matrix (22), wherein at least about 50 volume 
percent of the titanium boride particles (24, 25) have 
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a maximum dimension of less tlian about 2 microm- 
eters. 

2. The article (20) of claim 1 , wherein the microscale 
composite material (21 ) has less than about 1 .5 per- s 
cent by weight boron. 

3. The article (20) of claim 1 , wherein the microscale 
composite material (21) has from about 1.5 percent 
by weight boron to about 1 7 weight percent boron. 

4. The article (20) of claim 1, wherein the matrix (22) 
is polycrystalline with a grain size of less than about 
10 micrometers. 

IS 

5. The article (20) of claim 1 , wherein the matrix (22) 
is polycrystalline, and wherein the titanium boride 
particles (24, 25) include intragranular titanium bo- 
ride particles (24), and wherein the intragranular ti- 
tanium boride particles (24) are crystallographically 20 
preferentially oriented relative to the matrix (22) with- 
in each grain (30). 

6. The article (20) of claim 1, wherein the matrix (22) 

is polycrystalline, wherein the titanium boride parti- 25 
cles (24, 25) Include intragranular titanium boride 
particles (24), and wherein the intragranulartltanium 
boride particles (24) within each grain (30) are co- 
herent or partially coherent with the matrix (22) of 
said grain (30). 30 

7. The article (20) of claim 1 , wherein the microscale 
composite material (21) Is mechanically within 20 

percent of isotropic. 

35 

8. The article (20) of claim 1 , wherein the titanium bo- 
ride particles (24, 25) are plate-shaped. 

9. The article (20) of claim 1 , wherein the article (20) 
includes the microscale composite material (21 ) as 40 
an insert (40) in another material (44). 

10. The article (20) of claim 1, wherein the microscale 
composite material (21) further includes 

a dispersion of oxide particles (26). 
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FIG. 8 
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